The Helicon Double Layer Thruster concept is based on the recent discovery of a current-free electric double layer in a helicon plasma expanding in a diverging magnetic field. The potential drop of the double layer is situated in the physical and magnetic nozzle and accelerates the ions generated in the helicon plasma source. The supersonic ion beam measured downstream of the double layer can be used for thrust in a space craft. The Helicon Double Layer Thruster is simple, has no moving parts, no electrodes, and no need for a neutraliser.
Introduction
Current-free electric double layers (DLs) can sponteanously form in helicon plasmas expanding in a diverging magnetic field [1, 2, 3] . It was recently suggested that the supersonic ion beam measured downstream of the double layer could be used as a source of thrust in a new type of magneto-plasma thruster [1] , defined as a Helicon Double Layer Thruster (HDLT). Another type of magneto-plasma thruster is the Variable Specific Impulse Magnetoplasma Rocket [4] .
Electric double layers occur naturally in a variety of space plasma environments (aurorae, solar wind, extragalactic jets...) and are being characterised using satellites. Terrestrial laboratory experiments have been successfully demonstrated for decades in the case of current-driven DLs and more recently of current-free DLs but driven by an applied potential. Most theoretical and simulation work have involved DLs with a current and there is virtually no theory on current-free DLs available in the literature [5] , except Perkins's work [6] . The concept of the Helicon Double Layer Thruster, based on the experimental characterisation of the current-free DL using a retarding field energy analyser, is presently discussed.
2. The "Chi Kung" experimental set up
Chi Kung
The experimental set up consists of a horizontal helicon reactor consisting of a plasma source tube 31 cm in length and 15 cm in diameter attached to a 30-cm-long 32-cm-diam aluminum chamber [7] . A glass plate is inserted at the closed end of the source. A double saddle field antenna surrounding the source tube is used to feed rf (13.56 MHz) into the system and two solenoids surrounding the source tube are used to create an expanding magnetic field from the source (typically 60 to 200 G) to the chamber (a few tens of Gauss). The gas can be injected near the thruster exit or at the closed end of the helicon source.
Diagnostic
The DL is diagnosed using a retarding field energy analyser [8] which provides spatial information on plasma parameters such as the plasma density, the plasma potential (and the potential drop of the DL), the ion beam density and velocity. The electron temperature is measured using a langmuir probe.
Experimental parameters
The main parameters [9] associated with the DL are the gas pressure (typically less than 2 mTorr), the magnetic field (typically higher than 60 G) and the rf power. Additional parameters such as the source geometry, the gas pumping rate and the location of the gas injection are also studied.
Helicon Double Layer Thrusters

Thrust
The thrust in the HDLT is generated by an ion beam which exits the thruster at supersonic velocity (about twice the sound speed). The electric field of the DL is aligned with the magnetic field, contributing to low pitch angles for the accelerated ions. Although the magnetic field is necessary for the spontaneous formation of the DL, the thrust is derived from the reaction force provided by the electric field of the DL and the subsequent detachment of the plasma beam from the magnetic field and the thruster. The ion beam is detected from the centre out to a radius corresponding to the plasma source tube and is not greatly affected by the expanding magnetic field. The beam velocity is constant across the thruster radius and the radial beam density has a bell shape.
Plume divergence
The radial beam characterisation 12 cm downstream of the double layer gives access to a measured beam divergence of less than 5 degres for argon [7, 10] . This low divergence, which contributes to the net thrust generated by the beam, is in good agreement with computational studies of plasma detachment [11] in the HDLT.
Propellant
The DL has been created for a variety of gases, argon, hydrogen [12] , oxygen and xenon, the latter being the commonly used electric propulsion propellant.
No electrodes
The HDLT has no electrodes hence preventing electrode erosion over time. The radiofrequency power is transferred to the electrons of the plasma using an external double saddle field antenna placed around the source tube.
No neutraliser
There is experimental evidence that there are sufficient electrons to overcome the potential barrier of the double layer since its strength is less than a wall sheath potential [7] . Hence the beam will be neutral and there is no need for a hollow cathode neutraliser.
Exhaust velocity
High beam exhaust velocities up to 15km/s have been measured which will lead to high specific impulse and high propellant usage efficiency.
Stability
A temporal study [13] of this current-free DL has shown that it spontaneously form during plasma breakdown and is stable thereafter (> 200 microseconds). Hence the HDLT can be used in continuous or pulsed mode.
Scaling
The helicon DL has been diagnosed in various experimental set ups worldwide using a variety of diagnostics (energy analysers [14] , laser induced fluorescence [15] ). Previous studies on helicon discharges have also demonstrated its extended scaling range both in terms of geometry and of rf power.
Simulation
In parallel with the experimental studies recent particle-in-cell simulations of current-free electric DLs have been successfully developed [16, 17] .
Conclusion
The current-free electric helicon double layer was found in the Chi Kung experiment in April 1999. Analysis of its experimental characterisation over the past few years suggests the validity of the HDLT as a new type of magneto-plasma thruster where propellant usage efficiency, safety and life time are of concern, i.e., for interplanetary travel or large Earth orbit raising manoeuvres. The first HDLT prototype was completed in April 2005 and will be tested in a space simulation chamber. Future work will include a study of the performance of the HDLT thruster in this context.
